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Abstract 
In this work, a bidentate Schiff base ligand (HL) based on N and O donor heteroatoms has been used to 
synthesize a series of new stable metal complexes of general composition of M(L)2 with M = Mn, Ni and 
VO. The ligand was obtained from the condensation of 2-methoxybenzylamine with 2,3-
dihydroxybenzaldehyde in methanolic medium. The complexes were formed by mixing the metal acetate 
salts and the ligand in 1:2 molar ratio. The resulting three complexes have been characterized by different 
analytical techniques, including FT-IR, UV-Vis, mass spectroscopies, thermogravimetry and cyclic 
voltammetry, to study their molecular structure and redox/electrochemical properties. Moreover, the effect 
of the metal on the complexes electronic properties, and their predicted reactivity, has been studied by 
Density Functional Theory (DFT). The spectroscopic results suggest that the metal is bonded to the ligand 
through the phenolic-like oxygen and the imine-type nitrogen atoms. Electronic and vibrational absorption 
spectra of the nickel complex suggest a square-planar geometry around the central metal ion Ni(II), while 
square-pyramidal and octahedral geometry have been proposed for VO(IV) and Mn(II) complexes. The 
thermogravimetric analyses of the complexes confirmed the presence of water molecules in their 
structures and thermal decomposition led to the formation of metal oxides as residues. The voltammogram 
of the Ni(II) complex suggests the existence of quasi-reversible redox system in DMSO solution.  
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In recent decades, Schiff bases ligands [1] have attracted lot of attention not only for their structural variety 
(fundamental research), but also for their various physicochemical properties opening a wide domain of 
applications (practical point of view) [2]. This interest is also due to the structural versatility of Schiff 
bases to conform asymmetric compounds (Katsuki and Jacobsen), stabilizing many different complexes 
in various oxidation states and controlling the performance of metals in a large variety of useful 
transformations [3,4]. Moreover, the coordination geometry of these complexes [5,6] depends upon 
various factors, including the size of coordination sphere, electronic configuration of the central metal 
ions, non-bonding interactions between atoms in different ligands accompanied with inherent rigidity due 
to the presence of aromatic rings.  
Since they are getting increasing significance as analytical and electroanalytical reagents [7,8], transition 
metal complexes employing Schiff base as ligands are among the most interesting coordination 
compounds in the past few years. Their importance was also clearly proved from their good catalytical 
activities in numerous photochemical, chemical or electrochemical reactions [9-13]. Especially, transition 
metal complexes with N,O-chelating Schiff bases derived from salicylaldehyde are of particular 
interest[14-16]. They are essential in organic chemistry as starting compounds, synthetic intermediates 
and designer molecules and, therefore, in the field of materials science and industry of chemicals and 
bioactive compounds. In addition, they have played a seminal role in the development of modern 
coordination chemistry, but they could play also a crucial role in the development of inorganic chemistry. 
The design of new bidentate Schiff base ligands containing N and O atoms or functional groups with 
electron donor capability is then very interesting for metal complexation application. These ligands can 
be prepared by condensation of aldehydes with primary amines. Among different possibilities, we have 
previously reported the synthesis of novel N,O-donor Schiff base ligands from the combination of 
benzaldehydes with phenylamines [5,14-16]. The donor capability of these ligands can be further tailored 
by modifying the nature and relative position of different substituents in these precursors. Hence, new 
metal complexes exhibiting different properties can be derived from these new ligands. In a previous 
work, we demonstrated that a Schiff base ligand obtained from 2-methoxybenzylamine and 2,3-
dihydroxybenzaldehyde can effectively complex and detect Cu2+, Co2+, Fe2+ and Fe3+ ions by color 
changes [5]. Despite not studied yet, this type of Schiff base ligands could also form interesting complexes 
with other redox active species. 
Continuing our efforts in the synthesis and study of new transitions metal complexes, this work reports 
the synthesis and physicochemical and electrochemical characterization of three new complexes of Ni(II), 
Mn(II) and VO(IV) (oxovanadium) derived from 2-methoxybenzylamine and 2,3-
dihydroxybenzaldehyde. Specifically, the study is essentially focused on elucidating the molecular 





All the chemicals were purchased from commercial sources and used without any further purification. The 
purity of the synthesized compounds was checked by thin-layer chromatography (TLC) using glass plates 
precoated with silica gel (60F; Merck). 
 
2.2. Synthesis of the Schiff base ligand and metal complexes  
The Schiff-base N (imine), O-donor ligand (HL) was prepared according the literature [5]. Briefly, 1 
mmol of 2-methoxyphenylmethylamine was mixed with 1 mmol of the 2,3-dihydroxybenzaldehyde in 
methanol (10 mL). The resulting solution was refluxed for ca. 2 h and allowed to cool. The yellow powder 
ligand was used to form new metal complexes. 
For the synthesis of the complexes, the required weights of the acetate salts of Ni(II) 
(Ni(CH3COO)2·4H2O), Mn(II) (Mn(CH3COO)2·4H2O) and VO(IV) (VO(CH3COO)2), dissolved in 
absolute MeOH, were added to a boiling solution of the imine ligand (HL) in absolute MeOH in 1:2 molar 
ratio of metal and ligand, respectively. This molar ratio was chosen to form ML2 complexes. The resulting 
mixture was stirred under reflux for 4 h, whereupon the complexes precipitated.  The obtained powders 
were collected by filtration, washed several times with ethanol and then with diethylether to remove any 
traces of unreacted starting materials, and finally dried in a vacuum desiccator, which leads to the target 
metal complexes. The synthesis of the different complexes and their molecular structure, as proposed from 
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Scheme 1. Scheme of the synthesis of new complexes of Ni(II), Mn(II) and VO(IV) with the bidentate 
Schiff-base ligand. 
 
2.3. Physico-chemical and electrochemical characterization 
The obtained complexes were characterized by elemental analysis by using a (C, N, H, S) LECO analyzer 
(Micro TruSpec model). This analysis was repeated three times to confirm the reproducibility of the 
results. 
FT-IR spectra of the complexes were recorded by preparing KBr pellets on a Perkin-Elmer 1000 FTIR 
Spectrophotometer. UV-visible spectroscopy was carried out in DMF solutions on a UNICAM UV-300 
spectrophotometer (path length of the cell, 1 cm). For mass spectrometry (LC-MS), a HPLC Agilent 1100 
series coupled to UV-Vis and MS with ionic tramp detector (Agilent model 1100 Series LC/MSD Trap 
SL) was used.  
Thermal analysis (TG and DTG) of the complexes was obtained under nitrogen atmosphere using a TGA 
Perkin Elmer thermal analyzer. The heating rate was set at 10 °C min-1 and the weight loss was measured 
from 25 ºC up to 950 °C.  
Cyclic voltammetry was utilized to study the redox and electrochemical properties of the complexes. The 
experiments were carried out in an undivided Metrohm cell of 5 cm3 using a Voltalab 40 
(potentiostat/galvanostat) PGZ 301 A 0.1 M tetra-n-butylammoniumtetrafluoroborate (TBABF4) solution 
in dimethyl sulfoxide (DMSO) was used as supporting electrolyte in all the electrochemical experiments. 
The planar tip of a glassy carbon (GC) bar (Ø, 3 mm) was used as the working electrode, a platinum wire 
(Pt) as the auxiliary electrode and all the electrode potentials were referred versus as saturated calomel 
electrode (SCE) reference electrode. Furthermore, the influence of different scan rates: 25, 50, 75, 100, 
200, 300, 400 and 500 mV/s, has been studied. 
 
2.4. Computational study 
Theoretical calculations for HL ligand and its Ni(II), Mn(II) and VO(IV) complexes were performed 
using the Gaussian 09 program, based on Density Functional Theory (DFT) [19], using Beck’s three 
parameter hybrid exchange functional [20], with Lee-Yang-Parr correlation functional (B3LYP) and 6-
31G (d, p) basis set [21,22]. In order to make comparative study between the ligand and their complexes 
with the optimized configurations, HOMO, LUMO, gap properties and Energy calculations for the 
compounds were useful to determine binding sites and predicting the reactivity of the compounds. The 
Molecular electrostatic potential (MEP) and the global reactivity descriptors of the molecules were also 
performed by the DFT. 
 
 
3. Results and discussion 
 
3.1. Physico-chemical properties and molecular formula of the complexes 
The obtained complexes were intensively colored, stable in air and moisture free powder solids. The 
Ni(II), Mn(II), and VO(IV) complexes were not soluble in most common solvents, such as water, 
methanol, ethanol, ethyl acetate and acetonitrile. However, they were fairly soluble in N,N-dimethyl 
formamide (DMF) and dimethyl sulfoxide (DMSO). Table 1 summarizes some of the physico-chemical 
properties and molecular formulae of the complexes. As it can be deduced from this table, the results of 
elemental analysis (measured) were found in good agreement with those calculated from the proposed 
molecular formulae for the different complexes. 
 
NiII(L)2·H2O: Anal. Calc. for C30H30N2O7Ni: C 61.15; H 5.13; N 4.75 Found: C 60.84; H 4.88; N 4.68 
%. UV-Vis (DMF):λmax(n) (nm), εmax(n) [M
-1.cm-1]: λmax(1) (276), εmax(1) [16250]; λmax(2) (380), εmax(2)  [3820].  
(MS-LC): (m/z) 571.1 ([NiL2]
+). 
MnII(L)2·2H2O: Anal. Calc. for C30H32N2O8Mn: C 59.70; H 5.34; N 4.64 Found: C 60.27; H 4.43; N 
4.23 %. UV-Vis (DMF): λmax(n) (nm), εmax(n) [M
-1.cm-1]: λmax(1) (329), εmax(1) [10600]; λmax(2) (585), εmax(2)  
[890]. (MS-LC): (m/z) 569.4 ([MnL2 + 2H
+]). 
VOIV(L)2·2H2O: Anal. Calc. for C30H32N2O9V: C 58.54; H 5.24; N 4.55 Found: C 58.08; H 4.62; N 3.47 
%. UV-Vis (DMF): λmax(n) (nm), εmax(n) [M
-1.cm-1]: λmax(1) (269), εmax(1) [18600]; λmax(2) (310), εmax(2)  
[15830]; λmax(3) (430), εmax(3)  [4560].  (MS-LC): (m/z) 580.7 ([VOL2 + H
+]). 
Table 1. Physico-chemical properties and proposed molecular formulae of the synthesized nickel(II), 
manganese(II) and oxovanadium(IV) complexes. 





















































a Wavelength of maximum absorbance; b Molar attenuation coefficient; c Some of the major fragmentation 
peaks observed on the mass spectra of nickel(II), manganese(II) and oxovanadium(IV) complexes; d 
Measured C, H, N contents (atomic %) in the complexes and the calculated ones (in brackets) from the 
proposed molecular formulae. 
 
3.2. Spectroscopic characterizations of the complexes 
3.2.1. FT-IR Spectroscopy 
Figure 1 shows the FT-IR spectra of the synthesized complexes, whereas Table 2 collects the wavelength 
of some of the bands assigned to stretching and bending vibrations. The FT-IR spectra of all complexes 
(Fig. 1) display bands between 3650 and 3200 cm-1 due to ν(OH) of crystalline or coordinated water 
molecules associated with the complex. The absorption bands in the region 3000–2900 cm-1 may be due 
to aliphatic and aromatic ν(C-H) [24], whereas the bands between 1050 and 1020 cm-1 may correspond to 
ν(C-O-C) stretching vibration of the methoxy group [23]. In addition, the complexes possessed a potential 
donor site, like the azomethine group (-C=N), which has tendency to coordinate with metal ions. The 
strong bands associated to this group are generally situated between 1660 and 1630 cm-1[25]. Specifically, 
for the studied ligand this band was observed at 1644 cm-1[5], but it is found shifted to lower frequencies 
by 6 cm-1 in the spectrum of the nickel complex, and shifted to higher frequencies by about 14 cm-1 in the 
spectra of the manganese and oxovanadium complexes. This result suggests that the azomethine nitrogen 
may be coordinated to the metallic centers. Additionally, the bands at 1247–1253 cm-1 are assigned to C-
O stretch of the phenolate group in the complexes. These bands undergo a displacement to the higher 
frequencies comparing with the value of this band in the corresponding ligand (at about 1240 cm-1 [5]) in 
compliance with deprotonation and coordination of the phenolate oxygen to the metal [26]. 
 
 





Table 2. Characteristic FT-IR bands (4000–400 cm−1) of the synthesized complexes. 




































In oxovanadium complexes, a strong band at 970 cm-1 was observed and can be assigned to ν(V=O) 
vibrations [27]. The coordination of the Schiff base ligands to the metal ions is also confirmed by the 
appearance of new bands in spectra of metal complexes in the range of 460-440 cm-1, which may be 
assigned to the ν(M-N) bond [28].  Another absorption band was also seen, not far from the previous ν(M-
N) frequency, in the region of 560-530 cm-1 corresponding to ν(M-O) bond [28]. Considering these results, 
it can be inferred that the two Schiff base molecules coordinating the metallic centers in the three 
complexes may act as dibasic bis-bidentate ligands. 
 
3.2.2. UV-Vis Spectroscopy 
Electronic (UV–Vis) spectra of all complexes have been recorded in DMF solvent [10 -4M] (Fig. 2). For 
all the complexes, an absorption band relatively intense was observed between 260 and 280 nm. This band 
could be ascribed to the π–π* transitions of aromatic rings and azomethine groups. In the case of the 
electronic spectrum of nickel complex, another band at 380 nm was seen. This band is assigned to the 
ligand-metal charge-transfer (LMCT) transition Ophenolate → Ni(II).  
As for the spectrum of manganese complex, two bands are observed. The first one located at 329 nm is 
characteristic of the charge-transfer (LMCT) transition Mn(III)→Ophenolate, thus appearing shifted to 
higher energy when compared to the same band of nickel complex [29,30]. The second appears as a broad 
band centered at 585 nm. This electronic transition is attributed to a charge-transfer (LMCT) between pπ-
orbital of the ligand and dπ-orbital of Mn(II) [31,32].  
Regarding the spectrum of oxovanadium complex, it shows two types of transitions. The first absorption 
band at 310 nm corresponds to n–π* transitions, while the second one at 430nm may be also attributable 
to the charge-transfer (LMCT) transition from the phenolic oxygen (Ophenolate) to the empty d orbital’s on 
the vanadium [33,34].  
 Accordingly, upon coordination, these observed bands appear between 320-600 nm correspond to 
square planar geometry for Ni(II) complex [35], octahedral geometry for Mn(II) complex [36] and square-
pyramidal geometry for VO(IV) complex [37]. 
 















































Fig.2. UV-Vis Spectra of the obtained nickel(II), manganese(II) and oxovanadium(IV) complexes. 
 
 
3.2.3. Mass spectrometry 
 
Mass spectrometry is potentially considered as a powerful structural characterization technique in 
molecular chemistry. This technique has also been successfully applied in coordination chemistry to 
elucidate the major molecular ion peaks of our synthesized Schiff base complexes. This analysis was 
carried out by HPLC chromatography coupled with mass spectrometry technique (LC-MS). 
The mass spectrum of nickel complex (Fig. 3) displays a fragmentation ion peak with m/z = 571.1, which 
may correspond to the parent molecular ion peak [Ni(II)L2]
+ (calc. 571.2). On the other hand, a base peak 
with m/z equal to 258.1 was observed. This could be assigned to the mass of ligand diprotonated [L+ 







































































































Scheme 2. Proposed major fragment ions deduced from the mass spectra of nickel(II), manganese(II) and 
oxovanadium(IV) complexes. 
 
As for the mass spectrum of the manganese complex, it shows a molecular ion peak with m/z ratio equal 
to 569.4. This fragment ion may fit with the molecular weight of the expected compound. Moreover, 
another important fragment with m/z ratio = 445.1 (33.4 %) is observed, which may correspond to the 
[C21H19O5Mn – H]
+ ion (Scheme 2). The fragment with m/z = 256.1, with a relative abundance of 100 %, 
is assigned to the ligand [L]+, what confirms its high stability and therefore corresponds to the base peak.  
For the last complex of oxovanadium, it exhibits a strong peak at m/z = 580.7 (100 %), which may be 
indicative of the molecular peak and also the base peak. This behavior seems to be the main particularity 
for this compound when compared to the previous complexes of Ni(II) and Mn(II). In addition, the mass 
spectrum shows again multiple peaks representing successive degradation of this complex leading to the 
formation of different fragments (Scheme 2), highlighting among them the Schiff base ligand ion peak[L]+ 
of m/z = 258.0 (41.0 %). 
All these results confirmed that the synthesized complexes are mononuclear, with two molecular moieties 
of Schiff base ligands, and they are, therefore, in good agreement with their molecular structure proposed 
in the Scheme 1.  
 
3.3. Thermogravimetric analysis (TG/DTG) 
Figure 4 shows the TG and DTG curves recorded for the three metal complexes. As it is observed, upon 
increasing the temperature, the complexes showed a gradual weight loss. Generally, this weight loss can 
be initially assigned to the release of water molecules, followed by other successive decompositions 
leading to the formation of metallic oxides. Particularly, the different decomposition stages, temperature 
ranges, DTG peak positions, as well as the experimental and calculated mass loss percentages for these 
complexes are summarized in Table 3. 
First, the thermogram of nickel complex undergoes decomposition in four steps (Fig. 4A). The first one 
is accompanied by a weight loss of 3.8 %, which may correspond to the release of one molecule of water 
(theoretically calculated = 3.05% %). The DTG curve of the second step, for which the temperatures 
ranged from 220 to 300 °C, clearly indicates a weight loss centered at 242 °C of 17.7 %. This 
decomposition process is attributed to the removal of the methoxyphenyl moiety (theoretically calculated 
= 18.15 %). With a weight loss of 13.0 %, the third decomposition step seems to represent the loss of 
phenyl moiety (theoretically calculated = 12.89 %). Regarding the last process evidenced at 557.4 °C on 
the DTG curve (24.2 % loss), it seems to be due to the removal of the organic entity (C3H17N2O4) 
(theoretically calculated = 24.6 %). Finally, the remaining final residue is identified as NiO with 16 carbon 
[38]. 
For the manganese complex (Fig. 4B), the first decomposition ranges between 138.6-222.5 °C and it 
involves a weight loss of 3.0 %, so it is attributed to the removal of one molecule of water (theoretically 
calculated = 2.98 %). The second step between 144.7 and 350 °C shows a weight loss of 12.6 %, thus, 
being explained by the removal of one molecule of water and two methoxy (-OCH3) moieties from the 
ligand (theoretically calculated = 13.25%). The next step observed in the temperature range from 326 to 
442 °C implies a weight loss of 20 %, probably representing the decomposition of the C8H7N part 
(theoretically calculated = 19.38 %). As for the last step occurring in the range of 451-947 °C (22.6 % 
weight loss), it may account for the loss of the remaining organic part (C5H15NO3). These four stages were 
denoted by the DTG peaks at about 181.6, 343.4, 375.1 and 578.9, respectively. The final residue may be 
manganese oxide (MnO), with carbon atoms (15C) [39]. 
Finally, the thermal decomposition of the vanadium complex (Fig. 4C) displays also four decomposition 
steps in the temperature ranges of 50.5-91.8, 190-250, 269.5-438.9 and 452.4-528.9 ºC and DTG peaks at 
70.7, 222.3, 382.6 and 491.0 °C, respectively. With a weight loss of 5.5 %, the first one corresponds to 
the loss of two water molecules, as previously mentioned for the manganese complex. The second step 
with a weight loss of 12.7 % indicates also the loss of the phenyl group (theoretically calculated = 12.34 
%). Because these processes are also observed for nickel and manganese complexes, the obtained results 
suggest the existence of a similarity in the thermal decomposition pathway of the complexes. However, 
the last decomposition step of the vanadium complex leaving 41.5% residue as VO2 and 14C [40]. 
 


























































                                 





























Fig. 4. The TG and DTG of (A)- Ni(II), (B)- Mn(II) and (C)- VO(IV) Schiff base complexes (where α, is 
the conversion = 1-w/w0, w = the residual weight in mg and w0 is the initial weight of the sample in mg). 
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3.4. Electrochemical behavior 
Cyclic voltammetry measurements were carried out to investigate the redox properties of the complexes 
in solution. Figure 5 displays the voltammetric curves of the nickel complex in the potential range from 
+1.6 to -2.2 V and the manganese complex between +1.4 to -1.4 V. 
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Fig. 5. Cyclic voltammograms of a GC electrode in a solution containing 10-3 M nickel (A), manganese 
(B) or oxovanadium (C) complexes and 0.1M of TBABF4 in DMSO, under argon atmosphere, at a scan 
rate of 100 mV/s. 
 
In the case of the nickel complex (see Fig. 5A), the voltammogram displays four redox processes. When 
the electrode potential is scanned towards negative values, a reduction peak is observed at -1.53 V, and 
its corresponding oxidation pair appears in the reverse scan at -1.38 V (ΔE= Epa - Epc = 150 mV). The 
anodic to cathodic peak current density ratio (Ipa/Ipc) of this process is close to 1, which is assigned to 
the metal centered NiII/NiI redox couple [41,42]. Next, the reduction at -1.91 V, with a small oxidation 
counterpart -1.71 V can be attributed to the irreversible reduction of azomethine group. When the electrode 
potential is scanned from 0.0 to +1.60 V, the complex exhibits a large oxidation current from ca. +0.5 V. 
A reduction couple is discerned in the reverse scan, so the process is characterized by an E1/2 = +0.65 V 
and peak separation about ΔE =180 mV, and can be assigned to the NiIII/NiII redox couple [43]. Finally, 
an oxidation process is clearly observed at +1.34 V, which could probably be assigned to an oxidation of 
Schiff-base ligand [44].  
The cyclic voltammogram of manganese complex (Fig. 5B) exhibits only one quasi-reversible redox 
couple with an anodic–cathodic peak separation (ΔE) equal to 200 mV. Its half wave potential value was 
then calculated as average of the anodic and cathodic peak potentials, which is found to be equal to E1/2 = 
-0.49 V. These results suggest that this redox process may be described to MnIII/MnII [45]. On the other 
hand, the wave at Epa = +1.12V may probably correspond to the Schiff base ligand oxidation [44].  
 
Cyclic voltammetry of the VIVO(L)2·2H2O complex (see Fig. 5C) was performed in the potential range 
of −1.0 to 1.5 V vs. SCE. This voltammogram displays two redox processes. The reduction peak for the 
first redox couple is observed at -0.74 V, whereas its corresponding oxidation pair appears in the reverse 
scan at -0.53 V, being the peak to peak separation ΔE = 210 mV. According to literature, this redox process 
may be ascribed to VIII/VIV [46]. For the second couple (see a magnified voltammogram in the inset of 
Fig. 5C) the cathodic peak is centered at Epc= +0.2 V vs. SCE, and the anodic one at Epa = +0.48 V vs. 
SCE. This process has been attributed to the VIV/VV redox couple [47] and it is characterized by ΔE = 
0.28 V, Ipa/Ipc close to 1 (0.92) and E1/2 = +0.33 V. These two redox systems of the vanadium complex 
are proposed to be monoelectronic. The last oxidation wave observed at Epa = +0.82 V may probably 
correspond to the Schiff base ligand oxidation [44].  
 
3.4.1. Effect of scan rate on the response of the Ni(II) complex 
The cyclic voltammogram of the nickel complex in DMSO solution under the potential range from-0.8 to 
-1.7 V shows a well-defined redox system (Fig. 6A) associated to Ni(II)/Ni(I). Specifically, the Epa is 
equal -1.33 V and the cathodic peak is centered at -1.47 V, so this redox couple shows a peak separation 
(ΔE) equal to 130 mV, and the Ipc/Ipa (1.01) is practically equal to unity, suggesting an electrochemical 
process with one electron.  
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Fig. 6. (A) Cyclic voltammogram of the synthesized Ni(II) complex (10-3 M) in 0.1 M TBABF4/DMSO 
at a scan rate of 100 mV s-1; (B) Cyclic voltammograms of the same complex at different scan rates; (C) 
Plot of the cathodic and anodic peak currents versus the square root of sweep rate (v1/2) and (D) Anodic 
and cathodic potentials versus Log ν. 
 
The reversibility of the Ni(II)/Ni(I) redox process in the synthesized nickel complex was studied by cyclic 
voltammetry at different scan rates. Fig. 6B depicts the voltammograms of the complex varying the scan 
rate between 25 to 500 mV s-1. As it can be observed in the figure, the reversibility of the redox couple is 
well maintained even up to 500 mV s-1. The effect of the scan rate on the electrochemical parameters 
associated to this redox couple is summarized in the Table 4, whereas Figures 6C and 6D plot the cathodic 
and anodic peak current densities versus the square root of the scan rate (v1/2) and the corresponding peak 
potentials versus the logarithm of the scan rate(Log v), respectively. The obtained results reveal a linear 
relationship between the peak current densities and v1/2 (Fig. 6C). In addition, the anodic and cathodic 
peak potentials (Epa, Epc) are found proportional to Log ν (Fig. 6D). These behaviors are indicative of a 
diffusion-controlled electron transfer process [48]. 
 
Table 4. Electrochemical parameters obtained from cyclic voltammograms of Figure 6. 
 
│IPa/IPc│ 0.95 0.97 1.02 1.01 1.02 1.03 1.01 1.01 
ΔE (mV) 100 130 137 140 160 180 210 220 
E1/2 (mV) -1400 -1405 -1407 -1410 -1415 -1418 -1422 -1425 
 
4. DFT calculations for the ligand and complex structures 
4.1. Geometry optimization 
The geometry of the HL ligand structure was optimized to investigate the geometric and electronic 
characteristics that may control its electron-donation character and, therefore, its reactivity. Calculations 
showed that the molecule is planar and two donating groups (one hydroxyl and one imino groups) are facing 
each other around the central point of the molecule Figure 7. The structure was found to be stabilized 
through hydrogen bonding formed between the hydroxyl and imino groups. This specific orientation 
suggested that the ligand could be bound to the metal ions in one plane, giving rise to the formation of a 
square planar geometry around the central metal ion Ni(II), while square-pyramidal and octahedral 
geometry around the central metal ion VO(IV) and Mn(II) complexes, respectively. The planar geometry 
was associated with symmetrical charge distribution among atoms. As can be observed from Fig. 7, Table 
5, the calculated atomic charges indicate that the most negative atoms are the oxygen and nitrogen, whereas 
the attached protons are the most positive ones. Again, this charge distribution supports the idea that the 
HL molecule donates the electrons through these two groups. The orbital occupation of the highest occupied 
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) showed that electrons are 







           
 
Figure 7. Proposed structures for the HL ligand, showing (A) the atomic charges distributions in color 
range and (B) the HOMO-LUMO orbitals occupation with the calculated energy gap, as optimized by DFT 
calculations. 
 




E= -5.09 eV 
E= -0.34 eV 
∆E = 4.75 eV 
Table 5. Mulliken atomic charges calculated by B3LYP/6-31G(d,p) of the Schiff base ligand HL shown 


































































With respect to the calculations for the different complexes, the obtained results show that: 
➢ When optimizing Ni2+ ion complex with HL Schiff base ligand, the lowest energy structure has a 
square planar geometry with molecular formula [NiII(L)2·H2O]. This geometry is accomplished with 
the protonation of the hydroxyl groups to neutralize the Ni2+ ion. The stability of this complex came 
from the formation of two four membered rings between Ni2+ and the ligand (Fig. 8a).  
➢ VO2+ ion may form a square-pyramidal [VIVO(L)2·2H2O] complex with the HL Schiff base ligand 
(Fig. 8b), where the ligand’s donor groups coordinate in one plane with the metal ion. According to 
the lower energy of this conformation, the protons may rotate in opposite directions to prevent the 
steric interaction between the VO2+ and hydroxyl groups of HL (Fig. 8b).  
➢ the optimized structure of the Mn2+ complex may be octahedral. To attain this conformation the results 
suggest that, upon coordination, the ligand is deprotonated  and that the octahedral geometry is fulfilled 
by two water molecules coordinated in a plane perpendicular to the Mn-HL plane (Fig. 8c). As a result, 
the donor groups of the ligand may be coordinated with the Mn(II) center in one plane. 














Figure 8. Proposed structures for (a) nickel(II), (b) oxovanadium(IV) and (c) manganese(II) complexes, 





4.2. Frontiers Molecular Orbitals (FMOs)  
  The HOMO-LUMO are the main orbitals that take part in the chemical stability of a molecule, so 
the calculation of their energy helps to characterize its chemical reactivity. The HOMO highlight is the 
orbital that primarily acts as electron donor and the LUMO is the orbital that largely acts as electron 
acceptor, and the gap between HOMO and LUMO orbitals is the parameter related with the molecular 
chemical stability [49]. The energies of the HOMO and the LUMO orbitals were investigated by using DFT 
with the standard B3LYP/6-31G(d,p) model. Figure 9 shows the complexes molecular structures deduced 
from calculations, where the positive phases are presented in red and the negative ones in green.  
In addition, Table 6 summarizes the calculated HOMO and LUMO energies and some related characteristic 
physicochemical parameters (such as, energy gap (∆E), electronic chemical potential (μ), hardness (η) and 
electrophilicity (ω)) of the Schiff base ligand HL and its complexes. The chemical hardness is associated 
with the stability and reactivity of a chemical system. According to frontier molecular orbitals, chemical 
hardness corresponds to the energy gap between HOMO and LUMO. As the energy gap increases, the 
molecule becomes harder and more stable (less reactive). On the other hand, the higher the electronic 
chemical potential (absolute values), the higher the reactivity. As observed in Table 6, the energy gap, 
chemical hardness and electronic chemical potential values calculated for the complexes are generally lower 
than that for the ligand. This infers that the ligand is stabilized upon complex formation. In this sense, the 
results suggest that the VO(II) complex may be the most stable (according to larger ∆E and η), followed by 
the Mn(II)  and Ni(II) ones. 
 
Table 6. HOMO, LUMO, energy gap (∆E), chemical hardness (η), electronic chemical potential (μ) and 
electrophilicity (ω) calculated for the ligand and its corresponding Ni(II), VO(II) and Mn(II) complexes. 
All values were calculated in eV unit. 
 
Compound HOMO LUMO  ∆Ea ηb μc ωd 
HL -5.09 -0.34 4.75 2.37 -2.71 1.54 
Ni(II) complex -3.88 -0.87 3.06 1.53 -2.37 1.83 
VO(IV) complex -6.59 -5.50 1.08 0.54 -6.04 33.77 
Mn(II) complex -3.80 -1.01 2.78 1.39 -2.40 2.11 





Fig. 9. Energy diagram and representation of the HOMO (H) and LUMO (L) energy levels, energy gaps 
and frontier molecular orbitals for (a) nickel(II), (b) oxovanadium(IV) and (c)  manganese(II) complexes. 
 
 The  electronic dipole moment {µi (i = x, y, z) and total dipole moment µtot} for title compounds 
are collected in Table 7. The results indicate that the value of dipole moment of VO(IV) complex (7.7547 
debye)  Mn(II) complex (6.9321 debye)  Ni(II) complex (6.2395 debye)  HL (2.8732 debye). It is well 
known that a higher value of dipole moment is important for more active Non-Linear Optical (NLO) 
properties. NLO effects have been extensively studied over the last decades. Thus, molecules exhibiting 
large hyperpolarizabilities have a strong NLO potential and could be used, under certain conditions, for 
optoelectronics and a variety of optical devices [50]. Some quantum chemical descriptors which are the 
mean electric polarizability (α), the anisotropy of the polarizability (Δα) and first order 
hyperpolarizability (β) have been used for explaining the NLO properties in many computational studies 
[51]. In the present study, the α, Δα and β values were theoretically predicted (Table 7). According to 
these calculations (at the same level of theory as well as same basis set 6-31G(d,p)), the values of α and 
Δα found for the VO(IV) complex are higher than for the other compounds. This is in line with the 
found lower frontier orbital energy gap (∆E) of the VO(IV) complex (Table 6). On the other hand, in 
agreement with its higher dipole moment, the lower β value obtained for the VO(IV) complex indicates 
that the this compound possesses better NLO properties than the others, so it becomes a potential candidate 
for NLO applications. 
 
Table .7 The electric dipole moments (μ, in debyes), polarizabilities (α, in a.u)  and hyperpolarizabilities 
(ß, in a.u) components and total values, as well as the anisotropy of the polarizability (Δα) of the HL 
ligand and the Ni(II),  VO(IV) and Mn(II) complexes calculated with B3LYP/6-31G(d,p). 
 


























αxx -99.9058 -205.1184 -247.6975 -214.1616 
αyy -96.0414 -210.9704 -232.5401 -220.8387 
αzz -109.8336 -225.7951 -231.2249 -226.6761 
αxy 2.7832 0.8714 11.4563 9.8801 
αxz 1.4939 8.0543 -16.0336 17.3521 
Αyz -0.2142 -10.1195 17.7394 15.3022 
α  -101.9278 -213.9613 -237.1541 -220.558 
∆α° 13.5248 29.1536 48.7295 45.0485 
ßxxx 64.8155 64.8155 -274.9187 -0.8224 
ßxxy -13.9245 -13.9245 -132.9412 -24.9312 
ßxyy -8.9802 -8.9882 16.3759 -43.6176 
ßyyy 15.4898 15.4898 100.6738 166.7716 
ßxxz -39.0351 -39.0351 31.0844 -10.8502 
ßxyz -6.7001 -6.7001 67.2330 -18.6250 
ßyyz 4.7512 4.7512 3.6709 -4.9014 
ßxzz -13.9245 -13.9245 27.0438 -6.0415 
ßyzz 8.4708 8.4708 -11.9078 -48.6632 
ßzzz 6.8008 6.8008 34.4736 -44.3838 




      
      
 
Figure 10. Direction of dipole moment of Ground state optimized structures for the (a) HL ligand and 
the (b) Ni(II), (c) VO(IV) and (d)  Mn(II) complexes. 
 
4.3. Molecular Electrostatic Potential (MEP) 
The MEP is a property useful to study the attacking sites for electrophilic and nucleophilic substitution 
reactions [52,53]. Figure 11 displays the total electron density surfaces mapped with electrostatic potential 
of the ligand HL and their complexes. The different values of the electrostatic potential at the surface are 
represented by different colors. Thus, the negative regions represented by the red color are the preferable 
sites for electrophilic attack. The results show that these negative potentials are generated over the more 
electronegative oxygen and nitrogen atoms, whereas the H-atoms exhibiting a positive potential region in 
the structures (represented by the blue color) are favorable sites for nucleophilic attack. These last regions 
are located around hydrogen and carbon atoms. Finally,  the yellow color indicates the slightly rich electron 
regions and the green one reflects more neutral zones.  
The obtained MEP maps suggest that while the HL ligand and Ni(II) complex may participate in both 
electrophilic and nucleophilic reactions, the VO(IV) and Mn(II) complexes seem to better take part in 
electrophilic processes. 
           
      
 
Figure 11. Molecular electrostatic potential maps for the (a) HL ligand and the (b) Ni(II), (c) VO(IV) 




In summary, we have successfully synthesized and characterized three new Schiff-base complexes of 
nickel(II), manganese(II) and oxovanadium(IV). From the results of FT-IR, UV-Vis, LC-MS and 
elemental analysis, the molecular structures of the complexes have been proposed. The bis-bidentate 
Schiff-base ligands coordinate to the VO(IV), Mn(II) and Ni(II) ions in a tetradentate mode (ML2) using 
the azomethine N and enol O atoms. The assignment of a square-planar geometry for Ni(II), a square-
pyramidal geometry for the VO(IV) and an octahedral geometry for the Mn(II), is supported by electronic 
absorption and infrared spectral measurements, as well as quantum chemical calculations. The 
electrochemical characterization shows that the complexes exhibit redox activity associated to their metal 
centers. Moreover, the calculated molecular properties suggest that the VO(II) complex may be the most 
stable compound and that exhibiting best NLO properties. Hence, the present study shows a simple method 
for the synthesis of some bis-bidentates Schiff base complexes with interesting properties to be used in 
electrochemical and other applications.  
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